Abstract
INTRODUCTION
Lung cancer screening using low-dose thoracic computed tomography (CT) has been performed since the 1990s and has gradually spread globally [1, 2] . Recently, the National Lung Screening Trial reported the efficacy of CT screening for lung cancer in heavy smokers [3] , and several other studies on the efficacy of CT screening are being conducted. With CT screening, many small-sized lung cancers with ground-glass opacity (GGO) are detected, some of which have been reported to have an excellent postoperative prognosis [4, 5] .
In 1995, Noguchi et al. [6] reported a new classification system for small-sized adenocarcinomas, and the 5-year postoperative survival rate of patients with resected Noguchi's Type A (localized bronchioloalveolar carcinoma) and Type B (localized bronchioloalveolar carcinoma with foci of structural collapse of alveoli) adenocarcinomas was 100%. Noguchi's Type A/B adenocarcinomas were almost equal to bronchioloalveolar carcinomas in the third edition of histological typing published by the World Health Organization. The radiological findings of these adenocarcinomas revealed small-sized lung tumours with GGO as a dominant part.
In Japan, many lung tumours with GGO suspected of being bronchioloalveolar carcinomas have been detected on thoracic CT screening [1, [4] [5] [6] . Generally, the standard surgical procedure for lung cancer, even for small-sized lung cancer, is pulmonary lobectomy with hilar and mediastinal nodal dissection, based on the results of a randomized controlled trial in which the patients treated with limited resection for cT1N0M0 peripheral lung cancer had a worse prognosis than those treated with pulmonary lobectomy and nodal dissection [7] . However, bronchioloalveolar carcinomas have a low invasive potential [6] , and patients with such carcinomas might be candidates for limited pulmonary resection. Since the pathological diagnosis of bronchioloalveolar carcinoma is based on the histological findings of formalin-fixed paraffin-embedded specimen, selecting appropriate candidates preoperatively is not easy. Even lung cancers with GGO occasionally include invasive adenocarcinomas, and chest CT findings alone cannot distinguish the invasive carcinomas from the non-invasive ones [8, 9] .
Positron emission tomography imaging with 18 F-fluorodeoxyglucose (FDG-PET) provides metabolic information on pulmonary nodules [10, 11] . FDG-PET findings are helpful for the discrimination of non-invasive carcinomas from the invasive ones [11, 12] . Several investigators including us reported that FDG accumulation related invasive ability of pulmonary adenocarcinomas [12] [13] [14] [15] . If a combination of chest CT and FDG-PET findings enables the selection of more biologically inactive cancers, then wedge resection might be an appropriate treatment for such tumours. We previously reported a pilot study on wedge resection for small-sized pulmonary adenocarcinomas, in which the criteria for limited resection candidacy were determined [16] . To elucidate the validity of limited pulmonary resection for small-sized pulmonary adenocarcinomas with GGO, we started a multi-institutional prospective study in 2006 (JNETS 0601). As the follow-up periods of all the registered cases in the study reached 60 months, we evaluated the validity of this therapeutic strategy.
PATIENTS AND METHODS

Setting
This study was a single-arm multi-institutional prospective trial. For this trial, preregistration was required before surgical resection. This protocol was approved by the Institutional Review Board in Kanazawa Medical University in 2006 and registered in the University Hospital Medical Information Network Clinical Trial Registration System, Japan (registration number: UMIN000005908). The details are available at https://upload. umin.ac.jp/cgi-open-bin/ctr/ctr_view.cgi? recptno=R000006980.
Mandatory examination
High-resolution CT (HR-CT) of the chest field and FDG-PET were mandatory. The maximum diameters of the GGO and the consolidation were measured on the axial lung window image on HR-CT. The GGO ratio was calculated using the following equation:
GGO ratio = [(maximum diameter of the tumour) -(maximum diameter of consolidation)]/(maximum diameter of the tumour).
The FDG accumulation was classified into 3 grades based on a visual evaluation: Grade 2 was equivalent to the accumulation in the mediastinum, while Grade 1 was lower accumulation and Grade 3 higher accumulation. Other examinations required for pulmonary lobectomy, such as pulmonary function, electrocardiogram and ordinary blood tests, were also performed.
Preregistration
The inclusion criteria for preregistration were determined as follows from the results of our previous study [16 Transthoracic CT-guided needle biopsy was not mandatory because of the possibility of pleural dissemination of cancer cells. After informed consent was obtained, a case report form for preregistration was faxed to the central registration centre. At the central registration centre, the inclusion/exclusion criteria were checked, and a preregistration number was faxed to the local hospital.
Surgical resection, registration and post-surgical therapy
At the local hospital, surgical resection was performed after receiving a fax of the preregistration number. Video-assisted thoracic surgery was preferred but was not mandatory, as maintaining a wide margin (at least 10 mm) with the tumour was considered more important. For pulmonary resection, wedge resection was basically performed, but segmentectomy was accepted when the margin was not wide enough.
After wedge resection/segmentectomy, an intraoperative pathological examination with frozen sections was performed. Only cases diagnosed as bronchioloalveolar carcinomas on this intraoperative pathological examination were eligible, and others, such as benign diseases, non-adenocarcinomas or adenocarcinomas with mixed subtype, were considered ineligible.
An intraoperative cytological/histological examination of the surgical margin was also performed. When the cytology/histology of the surgical margin was positive, then an additional wedge resection or segmentectomy was performed. If the re-evaluation of the surgical margin was negative, then the case was regarded as eligible. If lobectomy was needed, the cases were considered ineligible. Since the eligibility evaluation and registration of this study was completed intraoperatively, even if a tumour was diagnosed as invasive adenocarcinoma with mixed subtype at the ultimate pathological diagnosis, the case was not excluded from the study.
In cases where the ultimate diagnosis was adenocarcinoma with mixed subtype, despite an intraoperative diagnosis of bronchioloalveolar carcinoma, the option of completion lobectomy was permitted if the patient needed this surgery. Other postsurgical therapies were not permitted until recurrence was confirmed pathologically or radiologically.
Pulmonary function
The vital capacity (VC), forced vital capacity (FVC), forced expiratory volume in 1 s (FEV 1 ) and FEV 1 /FVC (FEV 1 %) were basically evaluated 3 times: preoperatively, early postoperatively (within 3 months after surgery) and late postoperatively (approximately 1 year after surgery). The postoperative changing rates (CRs) were calculated with the following formulae: For the FEV 1 and FEV 1 %, the early postoperative-CR and late postoperative-CR were calculated similarly.
Follow-up and recurrence
Follow-up was performed at least once a year at the local hospital. In cases where a subsequent tumour was detected during the follow-up period, it could be difficult to determine whether the subsequent neoplasm was a recurrence of the original tumour or a second primary lung cancer. In the protocol of this study, second primary lung cancer was basically defined in accordance with the definition by Cortese et al. [17] when (i) the subsequent tumour had a different histological type from the original cancer or (ii) the subsequent tumour had a similar histological type to the original cancer but was a solitary tumour without any extrathoracic metastases and no carcinoma was found in the lymphatics at common to both cancers. Otherwise, the subsequent tumour was considered to be recurrence of the original cancer.
End points and statistical analyses
The main objective of this study was to prospectively investigate the validity of limited resection for patients having lung cancer with GGO in terms of the 5-year disease-specific survival. The secondary end points were the overall survival, the disease-free survival, the mode of recurrence and the change in the pulmonary function. The survival was calculated from the day of pulmonary resection to the day of event. The survival analyses were planned to be conducted 60 months after pulmonary resection in all eligible patients. The sample size was calculated as follows. The disease-specific 5-year survival rates of the patients who underwent pulmonary lobectomy among those who met the criteria of this study were assumed to be 98%. Because the postoperative pulmonary function of the patients who underwent limited resection was assumed to be better than that in those who underwent pulmonary lobectomy, the non-inferiority margin at 5 years was set at 8%. With an alpha error of 0.05 and a power of 0.80, and with some dropout cases expected, 53 registered cases were needed for this study.
The survival rates were calculated by the Kaplan-Meier method. Paired t-test was used to compare the pulmonary function. All statistical analyses were calculated with the EZR software program on R commander [18] . A P-value of <0.05 was regarded as statistically significant.
RESULTS
Preregistration and registration
From November 2006 to April 2012, a total of 73 patients were prospectively enrolled from 13 institutions (Fig. 1) . One patient was ineligible for preregistration criteria, and the remaining 72 patients were preregistered.
All 72 patients underwent sublobar pulmonary resection. The tumours of 3 patients were intraoperatively diagnosed as benign lesions, and the tumours of 14 patients were diagnosed as adenocarcinomas with mixed subtype. Intraoperative cytological/histological examination of surgical margin was not performed in 2 patients, so they were regarded as ineligible. Of the remaining 53 patients, intraoperative examination of surgical margin in 1 patient was positive for cancer cells. After another wedge resection in the patient, a re-evaluation of the surgical margin was found to be negative for cancer cells, and therefore the patient was considered eligible. These 53 patients were ultimately regarded as eligible.
Of the 19 ineligible patients, 16 underwent pulmonary resection of lung cancer (2 cases of wedge resection without an intraoperative evaluation of surgical margin, 9 cases of adenocarcinomas with mixed subtype after wedge resections and 5 cases of adenocarcinomas with mixed subtype after lobectomy conversion). They were also followed up and additionally analysed.
Patient characteristics
The patient characteristics are listed in Table 1 . There were 25 men and 28 women, and the mean age was 61.7 years. The mean tumour size was 14.0 mm, and the mean GGO ratio was 95.9%. Over 90% of cases underwent pulmonary resection under videoassisted thoracic surgery. Thirty-nine and 14 patients underwent wedge resections and segmentectomies, respectively.
Pathological diagnoses
The intraoperative pathological diagnoses of all tumours were bronchioloalveolar carcinomas (16 Noguchi's Type A adenocarcinomas and 37 Type B). The ultimate diagnoses of the tumours were bronchioloalveolar carcinomas in 47 patients and adenocarcinomas with a mixed subtype in 6 patients ( Table 1 ). All patients were staged as pathological T1N0M0, Stage IA. For all 6 cases of resected adenocarcinomas with mixed subtype, the patients and surgeons in charge discussed completion lobectomy, and all of them decided not to undergo additional surgery.
Changes in pulmonary function
Preoperative and early postoperative pulmonary function tests were performed in all 53 eligible patients, but 9 patients refused the late postoperative test. The changes in the pulmonary function were compared in the remaining 44 cases.
The VC, FEV 1 , FEV 1 % and postoperative CR are listed in Table 2 . Although both the early postoperative and the late postoperative VC and FEV 1 were significantly smaller than the preoperative VC and FEV 1 , the average late postoperative CRs of both VC and FEV 1 were 0.96, and the reduction was only 4%. FEV 1 % was similar, regardless of the period examined.
Of the 9 patients who refused the late postoperative test, the average early postoperative CRs of VC, FEV 1 and FEV 1 % were 0.89, 0.87 and 1.00, respectively, which were similar to those of the other patients.
Recurrence, multiple cancers and the survival
As on 1 May 2017, no patients were lost to follow-up and no recurrence of previously resected pulmonary adenocarcinomas was observed. However, 5 metachronous multiple cancers were diagnosed (Supplementary material, Table S1 ). One patient died 37 months after pulmonary resection due to bladder cancer. Another patient was diagnosed with bladder cancer 23 months after surgery but was alive and showed no recurrence of lung cancer at 72 months after the first surgery. The other 3 patients suffered from another lung cancer, which was diagnosed as metachronous primary lung cancer according to the criteria of the protocol of this study [17] . Two of them had contralateral solitary pulmonary adenocarcinoma with no nodal involvement, and these patients underwent pulmonary resection again. The third patient had squamous cell carcinoma but did not undergo further surgical treatment and was still alive 76 months after pulmonary resection.
During the follow-up period, 2 patients died. One died due to bladder cancer 37 months after surgery as described above, and the other died due to ileus 69 months after pulmonary surgery. Neither of the 2 patients had recurrence of lung cancer.
The follow-up period of the living patients ranged from 60.0 to 126.3 (average 72.8) months. The 5-year disease-specific survival rate of all 53 eligible patients was 100%. Because there were no events during the observation period, neither the standard error nor the 95% confidence interval could be calculated. Both the 5-year overall and disease-free survival rates were 98.1% (Fig. 2) .
For the 6 patients treated by wedge resection, who had been intraoperatively diagnosed as bronchioloalveolar carcinoma but were ultimately diagnosed as adenocarcinoma with mixed subtype, neither recurrence nor death was observed at 62.1-99.7 months after wedge resection.
In addition, we performed survival analyses of the 16 ineligible patients with resected lung cancer. During the observed followup period (61.2-97.5 months), neither recurrence nor death was observed, and the 5-year disease-specific, overall and diseasefree survival were all 100%.
DISCUSSION
In Japan, many small-sized lung cancers with GGO have been detected by low-dose thoracic CT screening [1, [4] [5] [6] . Some of them had no stromal, vascular or pleural invasion and also had markedly longer doubling times than typical pulmonary adenocarcinomas [6, 19] . Those cancers were suggested as potential candidates for limited pulmonary resection because of their low invasiveness. However, a previous randomized trial clearly demonstrated that limited resection was not appropriate, even for cT1N0M0 tumours [7] . Therefore, consideration regarding candidacy for limited resection should be performed carefully.
An intraoperative pathological diagnosis of having very small invasion would not be completely accurate [8, 20, 21] , due to the difficulties of examining the deepest part of the invasion with limited condition of specimen processing. We had expected that several tumours in the eligible patients would be ultimately diagnosed as invasive adenocarcinomas, and we, therefore, had developed this protocol of the present study to include these misdiagnoses. Indeed, 6 of the 53 eligible patients were ultimately diagnosed as having adenocarcinoma with mixed subtype. Although our protocol permitted additional completion lobectomy when the ultimate pathological diagnosis was invasive adenocarcinoma, no patients in this study underwent additional surgery. Even without additional surgery, no recurrence was observed in these 6 patients during the observed period. Although HR-CT findings have a good correlation with the tumour invasiveness, some reports have shown that a non-negligible number of invasive cancers can slip through this check, even in pure GGO cases [8, 9, 22] . As described earlier, an intraoperative pathological examination of small invasion was not completely accurate [8, 20, 21] . Because the survival rate of the patients having lung cancer with GGO would be expected to be very high after lobectomy, we tried to decrease the risk of recurrence in this trial as much as possible. In the previous studies, FDG-PET provides metabolic information on pulmonary lesions. Due to this property, FDG-PET findings of bronchioloalveolar carcinoma have many false-negative results for the diagnosis of the malignancy. However, when limited to the cancer cases, the FDG accumulation correlated well with invasive ability even in small-sized adenocarcinomas [12] [13] [14] [15] . Therefore, we set these strict criteria, including a GGO ratio > _80%, a Grade 1 FDG accumulation and an intraoperative pathological diagnosis of bronchioloalveolar carcinoma. We considered the tumours that met these criteria to be largely non-invasive cancers that could be expected not to recur after complete resection, even by wedge resection. However, such tumours are rare, and thus we were unable to collect a sufficient number of cases for a randomized trial, even as a multi-institutional study. We therefore conducted this trial as a single-arm prospective trial.
The average postoperative CRs of both VC and FEV 1 in the early postoperative phase were 0.86, and those in the late postoperative phase were 0.96, which indicated that the reduction of pulmonary function by limited resection was minimal.
The 5-year disease specific and overall survival rates were 100% and 98.1%, respectively. Because of the lack of any events during the observation period, neither the standard error nor the 95% confidence interval could be calculated. With the censored cases, the 10-year disease-specific survival was also 100%. There have already been several articles reporting good prognoses of the patients who underwent limited resection for lung cancers with GGO [8, [21] [22] [23] . However, most of the previous reports were not prospective studies but retrospective analyses of case series. Even compared with these reports, the prognoses of our patients were excellent. Moreover, the follow-up periods of all patients in our study were 5 years or more, whereas that of some patients in all of the previous reports did not reach 5 years. Our results were more definite than the previous ones and indicate that the patients who meet the criteria of the protocol do not need pulmonary lobectomy, and limited resection, mainly wedge resection, is sufficient.
There are several issues to be discussed. First, a 3-point visual grading system was used to interpret the FDG uptake within the primary lesions, and the standard uptake value (SUV) threshold was not used. The SUV is affected by many factors [24, 25] , and there have been some reports that a visual scale was as accurate as using an SUV threshold [26] . It is well known that the SUV value of a tumour measured by a PET camera is different from the SUV value of the same tumour measured by another PET camera. Because many kinds of PET cameras were used in different hospitals for this study, a visual scale was found to be more adequate.
Second, to exclude invasive cancers from this study as much as possible, the criteria used in this study were very strict. Although a non-negligible number of invasive cancers slipped through HR-CT in the previous reports [8, 9, 22] , more appropriate criteria of interpretation of HR-CT findings should be established [27] . The intraoperative pathological diagnosis and the interpretation of FDG-PET findings should also be investigated.
Third, on the other hand, pulmonary adenocarcinoma with minimal invasion can be a suitable target for the subsequent studies of pulmonary wedge resection [28] . Indeed, by the additional survival analyses of 14 ineligible patients in this study, who underwent pulmonary resection (9 wedge only and 5 lobectomy) for adenocarcinoma with mixed subtype, were also excellent, even though some cases received only wedge resection. The number of patients in this study was very limited, and further studies with more patients will be required.
Fourth, the follow-up period of all patients were 60 months or over, which indicated that the results within 60 months after surgery were definite. However, there have been some reports of recurrence beyond 60 months [29] , due to long doubling time of such tumours, and we should follow these patients with caution. Judging from our one patient who needed another wedge resection even with 1 cm margin of visual evaluation, intraoperative cytological/histological assessment of surgical margin might be useful, especially with approximate 1 cm margin.
Fifth, the pulmonary adenocarcinomas with GGO sometimes have very long doubling time, and there are some possibilities of overdiagnosis [30] . In our 53 patients, the tumours of the 47 patients were bronchioloalveolar carcinomas without invasion, which were 'adenocarcinomas in situ' in the fourth edition of histological typing published by the World Health Organization. It has not been elucidated as to what kind of adenocarcinomas in situ would develop to a life-threatening cancer, and some of our cases might be an overdiagnosis. However, of the 72 preregistered patients in this study, who were eligible by preoperative information only, 20 patients (6 of 53 eligible patients and 14 of 16 ineligible patients) had adenocarcinomas with mixed subtype, and they were rarely overdiagnosed. The maximum diameter of some invasive tumours was only 9 mm. At present, we cannot distinguish these invasive cancers from adenocarcinomas in situ preoperatively. Further studies are required about overdiagnosis of such tumours.
CONCLUSION
This report described the results of a multi-institutional prospective study on limited resection of lung cancer with GGO using HR-CT, PET findings and intraoperative pathological examination. Although the number of patients in this study was limited, the results were informative. With these criteria, limited resection was performed safely without any recurrence, and the postoperative pulmonary function was well preserved. The outcomes of limited resection for small-sized lung cancer with GGOs that met the criteria of this study were satisfactory. Further studies are awaited to increase the number of eligible candidates for wedge resection.
